The impact wedge-peel (IWP) test is an International Standard (ISO 11343) method that is employed to measure the resistance to cleavage fracture of structural adhesives at a relatively high test-rate of 2 to 3 m/s. In the present work this test has been employed to evaluate the performance of a range of structural adhesives when used to bond either steel or aluminium-alloy substrates. Firstly, a novel test arrangement for performing these tests, using a high-speed servohydraulic machine, is described. Tests were performed at 10 −4 and 2 m/s and at test temperatures of −40 and 23
Introduction
The use of structural adhesives in industry is increasing steadily, as manufacturers have become aware of the advantages that adhesives can offer, compared with conventional joining techniques, in the assembly of engineering components and structures. However, the toughness of an adhesive joint may decrease considerably under impact-loading conditions [1] . This arises because adhesives are polymeric materials that exhibit plastic and viscoelastic deformations, and thus their fracture behaviour may be very dependent upon the rate of loading and the test temperature. Hence, for applications such as in the automotive industry, for example, where adhesives are being used increasingly in safety-critical areas, it is necessary to evaluate any possible decrease in performance that may occur when the adhesively-bonded joints are subjected to impact loading. The present work discusses a test method which has recently been adopted by the automotive industry [2] [3] [4] [5] to evaluate the fracture behaviour of adhesive joints when subjected to relatively high rates of test at various test temperatures. This is the impact wedge-peel (IWP) test, for which an International Standard (ISO 11343) test method [6] was recently adopted.
The present work firstly discusses in detail the application of this IWP test method to measure the re- * Present Address: DuPont Polyester, Wilton, Middlesborough, Cleveland, TS90 8JF, UK.
sistance to cleavage fracture of structural adhesives. In this part of the work, high-speed photography has been used to investigate the fracture behaviour of the specimen. The results from IWP tests, using a range of commercially-available structural epoxy adhesives to bond either aluminium-alloy or steel substrates, are then described. Also, the effects of changes in the specimen geometry on the impact behaviour are considered. Secondly, the IWP results are compared with the values of the adhesive fracture energies, G c , of the various adhesives, measured using continuum fracturemechanics methods. Finally, a finite-element model is developed to predict the value of the IWP cleavage force as the crack propagates through the specimen from the independently-measured value of the adhesive fracture energy, G c , of the adhesive.
The impact wedge-peel (IWP) test
A schematic of the IWP test is shown in Fig. 1 . This design is in agreement with that described in the International Standard (ISO 11343) [6] . The specimen is shaped like a tuning fork, and a wedge (of a specified shape) is drawn through the bonded portion of the specimen, as indicated in Fig. 1 . The International Standard [6] specifies that specimens should be 90 mm long and 20 mm wide, and made using sheet-metal substrates of between 0.6 and 1.7 mm thick. The substrates should be bonded over a length of 30 mm, the unbonded arms being formed to give the 'tuning fork' profile. No starter crack or notch is used with these specimens. The free arms of the specimen are clamped and the wedge is drawn through the bonded portion, as shown in Fig. 1 . The wedge velocities recommended by the International Standard are 2 m/s for steel substrates, and 3 m/s for aluminium-alloy substrates. The methods of analysis of the test data, as recommended by the International Standard, will be discussed later.
3. Experimental procedure 3.1. Materials A number of rubber-toughened structural epoxy adhesives were tested, and these are listed in Table I . These were chosen to represent a range of structural adhesives which possessed a wide variation in toughness. The conditions used for curing the adhesives, and the resulting glass transition temperatures, T g , are also given in Table I .
The impact-wedge peel (IWP) test 3.2.1. Specimen preparation
The substrates used for the IWP tests were either a mildsteel substrate (Grade 'EN3A') or an aluminium-alloy (Grade 'EN AW-5251'). The International Standard [6] allows the 'tuning fork' profile of the substrates to be formed prior to, or after, bonding. Forming the substrates prior to bonding can later result in a relatively large bead of adhesive being present in the bonded joint at the 'V' created by the junction where the unbonded substrate arms meet the bonded portion. Nevertheless, work conducted by Davis and Fay [2] has shown that more consistent results may be achieved by forming the substrates prior to bonding. This observation arises because (i) forming the substrates after bonding may generate a crack in the adhesive; (ii) of the increased variability of the substrate profile produced by the more difficult process of forming the substrates after they have been bonded; and (iii) it may be very difficult to bend accurately relatively thick substrates by hand after bonding. Thus, in the present work, the substrates were formed prior to bonding. The excess adhesive was removed from the 'V' formed by the shape of the preformed substrates before curing the adhesives, to keep the bead size at this location to a minimum. Therefore, the substrates were first guillotined from the metal sheet to the required size, i.e. 20 ± 0.25 mm wide by 90 ± 1 mm long. They were then preformed by clamping the portion that would be bonded later in a jig, and tapping a forming-wedge between the free arms to separate and plastically deform them, see the Appendix for details. The loading hole was drilled using the same jig, a spacer being clamped between the substrates to prevent them bending whilst being drilled.
Prior to bonding, the surfaces of the substrates were abraded by grit blasting using 180/220 mesh alumina grit, and solvent cleaned. Adhesive was then applied to each substrate, with a loop of copper wire placed in the adhesive layer to ensure a constant adhesive layer thickness of 0.4 mm. Work by Holmes [7] and Davis and Fay [2] has shown that the presence of this wire has no effect on the measured results. The substrates were brought together and clamped in individual bonding jigs, and the excess adhesive was removed prior to curing. Particular care was taken to remove as much as possible of the excess adhesive from the 'V' formed by the substrates before curing of the adhesive was undertaken. After curing the adhesive, any excess adhesive present around the sides of the specimen was removed with a knife, or file. Any small bead of cured adhesive remaining in the 'V' formed by the substrates was not removed, since its removal could lead to the formation of a crack in the specimen.
Testing
The tests were undertaken of the IWP specimens using a high-speed servo-hydraulic machine, as shown schematically in Fig. 2 . The basis of the method is to keep the wedge stationary (via a retaining shackle) and
